The isolation of recombinant cDNA clones expressing antigens found in Onchocerca volvulus infective larvae is described. To isolate such clones, an expression cDNA library constructed from adult 0. volvulus RNA was screened with antiserum raised against infective larvae. One clone, designated XRAL-1 was characterized further. The recombinant antigen produced by XRAL-1 stimulates proliferation of peripheral blood mononuclear cells from 0. volvulus infected humans. XRAL-1 is derived from a 1450 bases message that encodes a protein with an apparent molecular weight of 42,000 in adult 0. volvulus. The inserted DNA of XRAL-1 contains an open reading frame of 1008 bp. The amino acid sequence predicted by this open reading frame contains three repeats of the sequence KKPEDWD. The identification of clones such as XRAL-1 will provide quantities of purified antigens sufficient to begin to study the immune response to and explore the development of immunity against the infectious form of the parasite.
Introduction
Onchocerciasis, or river blindness, is a major cause of infectious blindness in the world. In severely affected areas, as many as half of the adult males may be blinded by the disease (1), and mortality rates in such persons are increased as much as fourfold (2) . Attempts to control the disease have centered on control ofthe vector for the parasite, the blackfly Simulium sp., as well as on the development of chemotherapeutic agents which may be used to eliminate the parasite from infected individuals. Unfortunately, control of the vector has proven extremely difficult. Furthermore, to date no practical chemotherapeutic agent has been identified that kills the adult form of the parasite.
Because neither vector control nor chemotherapy has proven successful in controlling the disease, the development of a vaccine against infection with the parasite has become a high priority (3) . In order to develop a vaccine, it is necessary to first identify antigens that induce immunity against the parasite. In the case of onchocerciasis, however, the identification of such antigens is complicated by the fact that much of the pathology seen during the course of the disease may be caused by the induction ofthe hosts immune response to certain antigens of the parasite (4) . Because of this concern, it is necessary to delineate as fully as possible which parasite antigens are involved in inducing potentially beneficial as opposed to harmful aspects of the host immune response.
In order to undertake such a dissection of the immune response, large quantities of purified parasite antigens will be required. However, no animal host has been identified that can be used to provide the various stages of Onchocerca volvulus in quantity. As a consequence, the lack of parasite material has posed a major impediment to immunological studies. This problem has been particularly acute for the study of the infectious form of the parasite, the third stage larva, or L3. Antigens from this stage may be especially important, since it has been shown in other filarial infections that irradiated infective larvae can induce protective immunity (5, 6) .
To circumvent the problem ofthe lack ofparasite material, we have undertaken an alternative strategy to simply isolating antigens directly from the limited amounts ofparasite material that are available. This is based upon the identification of cDNA clones that express antigens associated with 0. volvulus infective larvae. To identify such clones, we have used antisera produced by introducing living infective larvae into a nonpermissive host to screen an 0. volvulus expression cDNA library. Using this approach, six clones have been identified. One clone, designated XRAL-1, a member of the class that appears to react most strongly with the immune sera, was chosen for detailed characterization. Based upon immunoaffinity purified antibody probing ofcrude 0. volvulus protein extracts, the mRNA that gave rise to XRAL-1 appeared to encode a protein with an apparent molecular weight of 42,000 in vivo. The recombinant antigen produced by this clone stimulated T cells from infected individuals to proliferate, suggesting that the native antigen related to XRAL-1 has relevance in natural infections. Sequence analysis of the cDNA insert of XRAL-1 revealed the presence of a single long open reading frame, which encodes three repeats of the polypeptide sequence KKPEDWD. The isolation and characterization of XRAL-I demonstrates that it will be possible to use clones expressing antigens found in 0. volvulus infective larvae to examine the role that such antigens may play in the development of a protective immune response against the parasite. Methods Isolation of 0. volvulus RNA and DNA. RNA was prepared from freshly excised nodules obtained from people infected with 0. volvulus residing in Grand Bassa county, Liberia. The nodules were carefully trimmed to remove as much host tissue as possible. The parasite material was immediately homogenized in a solution of 6 M guanidium thiocyanate, 5 mM sodium citrate (pH 7.0), 100 mM ,-mercaptoethanol and 0.5% sarkosyl, using a mechanical tissue grinder. The extracts were frozen at -20'C, and transported to the United States where RNA was isolated by centrifugation through a CsC1 cushion, as described by Glisin et al. (7) . Between 15 and 30 ,g ofRNA was obtained per adult female worm. 0. volvulus genomic DNA was prepared from adult worms that were freed from surrounding host tissue using the collagenase digestion protocol described by Schulz-Key (8) and stored in liquid nitrogen. The DNA was prepared using the method described by Shah et al. (9) . Between 3 and 10 Mg of DNA was obtained per adult female worm. Each parasite DNA preparation was tested for the presence ofcontaminating host cell DNA by hybridization with a variety of probes for different human repeated genes. No contaminating host cell DNA was detected in any of the preparations used in the experiments described below.
In vitro translation ofparasite RNA and immunoprecipitation ofthe translated polypeptides. Total RNA isolated from adult 0. volvulus and Dirofilaria immitis was translated in vitro in rabbit reticulocyte lysates (Promega Biotech, Madison, WI), using the protocol provided by the manufacturer. Rabbit antisera were prepared for use in immunoprecipitation of the translation products by heating to 60C for 20 min. Immunoglobulins were precipitated by addition of ammonium sulfate to a final saturation of 40%. Precipitated protein was resuspended in 25 mM Tris-HC1 (pH 7.5), 100 mM NaCI, and dialyzed against the same buffer overnight at 4VC. Aliquots of the in vitro translation products and the purified antisera were mixed together and incubated overnight at 4VC. The antibody-antigen complexes were then bound to Protein A Sepharose beads (Pharmacia, Uppsala, Sweden). The beads were washed repeatedly in a solution of 50 mM Tris (pH 6.9), 150 mM NaCl, 5 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.2% SDS, and 0.5% bovine serum albumin. The beads were resuspended in a solution of 62.5 mM Tris-glycine (pH 6.8), 3% SDS, 0.5% 2-mercaptoethanol, and 10% glycerol, and heated for 3 min at 100°C. Freed polypeptides were separated on a 10% polyacrylamide gel, prepared as described by Laemmli (10) . Following electrophoresis, the gel was treated with the autoradiography enhancer Enlightening (New England Nuclear), dried and subjected to autoradiography.
Preparation of 0. volvulus expression cDNA library. 0. volvulus RNA, prepared as described above, was passed over an oligo-dT cellulose column, and poly A' RNA eluted from the column as described by Maniatis et al. (I 1). The poly A' fraction from the column was then used to prepare first and second strand cDNA, using the RNAse H protocol ofGubler and Hoffman (12) . The cDNA was treated with Eco RI methylase (New England Biolabs, Beverly, MA), using the conditions described by the manufacturer. Following methylation, synthetic Eco RI linkers (Collaborative Research, Lexington, MA), phosphorylated as described by the manufacturer, were ligated to the ends of the cDNA. The preparation was then digested with Eco RI, and the freed linkers removed by chromatography on Bio-Gel P-30 (Bio Rad Laboratories, Richmond, CA). The cDNA was then ligated to XgtlI arms (Stratagene, San Diego, CA). The resulting concatemers were packaged using Gigapack packaging extracts (Stratagene), using the protocol provided by the manufacturer. The library produced in this manner contained -500,000 independent recombinant clones.
Preparation of0. volvulus antisera. To prepare antisera against 0. volvulus infective larvae, living L3s were isolated by dissection from experimentally infected flies which had been maintained as described by Ham and Banya (13 (14) . Duplicate filters prepared from each plate were incubated overnight at room temperature with the appropriate antiserum. Antisera used in the screening procedure were diluted 1/20 in a solution of 20 mM Tris-HCI (pH 7.5), 0.5 M NaCl, and 3% BSA (TBS/BSA). Antibodies reacting with Escherichia coli antigens were removed prior to use by the protocol of Huynh et al. (14) . Following incubation with the primary antiserum, the filters were washed in TBS/BSA, and exposed to Protein-A conjugated to horseradish peroxidase ( Affinity purification of antibodies reactive with the recombinant antigen produced by XRAL-J. Lysates of induced lysogen cultures of XgtlI and XRAL-I were prepared according to the protocol of Huynh et al. (14) . Protein from these lysates was coupled to cyanogen bromide activated Sepharose CL-6B (Pharmacia), using the protocol provided by the manufacturer. An aliquot of the antiserum raised against adult 0. volvulus was diluted 1/20 in TBS/BSA. The antibody solution was then preabsorbed to remove antibodies that reacted with E. coli antigens following the protocol of Huynh et al. (14) . The antiserum preparation was then passed through a column containing the gel to which the XgtlI protein had been bound. The eluate was collected from this column, and passed over a column containing the gel to which the XRAL-I lysate protein had been attached. Both columns were washed with a solution of 50 mM Tris-HCI (pH 7.5). 0. 
Results
Immunoprecipitation ofin vitro translation products of0. volvulus RNA. To examine the ability of the antisera raised against the adult and larval stages of 0. volvulus to recognize protein epitopes, adult RNA from both 0. volvulus and D. immitis was translated in vitro. In both cases, this procedure resulted in the production of> 100 polypeptides, the largest of which had an apparent size ofgreater than 100,000 D (data not shown). These polypeptides were then immunoprecipated with antisera raised against the adult and larval stages of 0. volvulus. The results of this experiment are shown in Fig. 1 . The antiserum raised against the adult form of the parasite recognized greater than twenty different sized polypeptides (lane A, set 0). For most of these polypeptides, polypeptides of similar molecular weight were also recognized in the in vitro translation products of D. immitis (compare lanes labeled A). Some of the polypeptides recognized by the adult antiserum did appear to be specific for 0. volvulus, however. The most prominent of these was a polypeptide of -20,000 D (lane A, set 0).
In contrast to the antiserum raised against the adult form of the parasite, the antiserum raised against the larval form recognized only six different polypeptides (lane L, set 0). These polypeptides were a subset of those recognized by the adult antiserum (compare lanes A and L, set 0). These results demonstrated that both the antiserum against both the adult and larval forms of the parasite were capable of recognizing protein epitopes present in the absence of any polysaccharide moities.
Isolation of cDNA clones expressing epitopes found in 0. volvulus infective larvae. To identify clones expressing epitopes found in infective larvae, a portion of the cDNA library de- scribed in Methods, representing -200,000 independent recombinant clones, was screened with the larval antiserum. From this initial screen, six clones were purified which reacted reproducibly with the larval antiserum. When the inserted cDNA in each of these clones was tested for their ability to hybridize to the inserted cDNA in the other clones, it was determined that these clones could be divided into two classes. Plaque lifts were prepared from representatives from each of these classes, and the filters probed with the larval and adult antisera. As shown in Fig. 2 , rows Cthrough E, all ofthe clones that reacted with the larval antiserum also reacted with the adult antiserum. However, it was possible to isolate clones with the adult antiserum that did not react with the larval antiserum (Fig. 2, row B) . A member ofthe class of clones that reacted the most strongly with the larval antiserum (Fig. 2 , rows C and D), designated XRAL-1, was chosen for further analysis. Induction oflymphocyte blastogenesis in cellsfrom 0. volvulus infected individuals by induced lysogen cultures of XRAL-J. As a first step towards examining ifthe native protein related to the recombinant antigen produced by XRAL-1 plays any role in the development of an immune response against the parasite in natural infections, the ability of lysates containing the recombinant antigen to stimulate proliferation of PBMCs isolated from infected individuals was examined. As shown in Table I , lysates containing the recombinant protein stimulated proliferation of PBMCs from three infected individuals to a greater extent than did control lysates. The difference in the level of stimulation between the control and recombinant lysates was significant, as judged by Student's paired t test (P < 0.01). In contrast, when PBMCs from uninfected individuals residing in the same area were used in the assay, no significant difference between the two lysate preparations was seen (Table I) was not producing a stable recombinant polypeptide. However, when the inserted DNA was subcloned into the plasmid vector pUC 13 a stable product with an apparent molecular weight of 38,000 was produced (Fig. 3) . A doublet of smaller products recognized by the antiserum was also produced from this preparation. The relative amount of these products varied from preparation to preparation, suggesting that the smaller polypeptides were degradation products of the larger polypeptide. As is shown in Fig. 3 , the production of this polypeptide was dependent on the orientation in which the cDNA insert was cloned into the vector plasmid, suggesting that its production was being controlled by the fl-galactosidase gene of pUC 13.
Identification of the parasite antigen produced by the mRNA that gave rise to XRAL-J. To characterize the native antigen encoded by the mRNA that gave rise to ARAL-1, antibodies reacting with the recombinant protein were affinity purified as described in Methods. These antibodies were used to probe Western blots of adult 0. volvulus proteins. The affinity purified antibodies recognized a single band of an apparent molecular weight of 42,000 (Fig. 4, lane L) . No proteins were recognized by antibodies affinity purified using immobilized proteins prepared from a control Xgt 1 lysate (Fig. 4, lane G) .
Organization and expression ofthe gene corresponding to XRAL-J. To determine the size of the message that gave rise to XRAL-1, a Northern blot prepared from adult 0. volvulus ploy A' RNA was probed with purified XRAL-l insert, which had been radioactively labeled by nick translation. As Fig. 5 , lane o demonstrates, the inserted DNA from XRAL-l hybridized to a single message of 1450 bases in size. No hybridization was detected to RNA isolated from uninfected human cells (Fig. 5,  lane H) . The results presented in Fig. 5 also suggest that an identical message is not present in mRNA prepared from the intestinal helminthic parasite Ascaris suum. However, in overexposed autoradiographs of the blot, a small amount of hybridization to a band of 1650 bases is seen in A. suum RNA.
MrxlO-3 A B Figure 3 . The inserted DNA of XRAL-I encodes an antigen with an apparent molecular weight of 38,000 when inserted into the plasmid vector pUC 13. Cultures of E. coli containing pUC 13 plasmids into which the insert of XRAL-1 had been cloned in opposite orientations were induced by the addition of isopropyl /l-Dgalactopyranoside to a final concentration of 10 mM.
Crude lysates of the cultures were prepared, and used to prepare a Western blot, as described by Towbin et al (18) . The blot was exposed to rabbit antiserum raised against adult 0. volvulus, and developed with Protein-A conjugated with horseradish peroxidase, as described in Methods. Lane A, XRAL-I insert cloned into pUC 13 in the plus orientation, and lane B, XRAL-I insert cloned into pUC 13 in the minus orientation.
The radiolabeled insert from XRAL-1 was also used to probe a Southern blot prepared with both 0. volvulus and uninfected human placental DNA. Two restriction enzymes that did not cut within the insert of ARAL-1 were used to prepare the blot. As is shown in Fig. 6 , the insert from ARAL-1 hybridized to a single band in 0. volvulus genomic DNA that had been digested with either Hind III or Eco RI. No hybridization was detected to uninfected human genomic DNA, demonstrating that the clone XRAL-I was of parasite origin.
DNA sequence analysis of XRAL-J. To determine if the inserted DNA of XRAL-1 was related to any previously described protein or nucleic acid sequence, the DNA sequence of the inserted DNA was determined. The sequencing strategy and the complete DNA sequence of the inserted DNA is shown in Fig. 7 . The insert of XRAL-I was found to be 1076 bp in length. Of these 1076 bp, only 12 Fig. 7 , the long open reading frame encoded a polypeptide that contained three repeats of the amino acid sequence KKPEDWD. The three repeats are separated from one another by two unrelated stretches of 10 amino acids each. Comparison of the DNA sequences of the repeats demonstrated that the exact homology of the repeats is not conserved at the nucleic acid level. Relative hydrophilicity plots using the algorithm of Hopp and Woods (20) indicated that the region containing the repeated sequence is highly hydrophilic (data not shown).
Following the long open reading frame, the inserted cDNA contained a putative untranslated region of 56 bp. As is shown in Fig. 7 , this region contained two stretches ofthe poly A tract addition signal sequence AATAAA (21) problem in the study of onchocerciasis, where there is no readily available animal host for the adult form ofthe parasite, which necessitates the isolation of parasite material from clinical samples. It has been even more difficult to study the antigens of the infectious form of the parasite, the infective larvae or L3. This is due to the fact that the infective larvae must be obtained by dissection of infected blackflies, which are extremely difficult to obtain. For this reason, it has not previously been possible to study the antigens of the 0. volvulus L3. The experiments described above demonstrate that it is possible to isolate clones which express antigens of 0. volvulus infective larvae from an expression cDNA library prepared from adult mRNA. Because the library was prepared from the adult form of the parasite, it is not surprising that all of the clones isolated to date produce antigens which are recognized by antisera raised against the adult as well as the larval form of the parasite. It is likely that any additional clones isolated using these reagents will also be recognized by the adult antiserum, although it is possible that some clones isolated in this way may be expressed at different levels in adults and infective larvae. Although these epitopes will be expressed in these two stages of the parasite's lifecycle, whether or not they may be expressed in other stages of the life cycle, such as microfilariae, cannot be predicted based on present knowledge.
Since living larvae were used in the immunization protocol, it is possible that some of the antigens recognized by the antilarval antiserum may in fact be expressed by parasites that had undergone limited development in the rabbit. However, it is known that rabbits do not permit development of the parasite to the adult stage (22) . In addition, a postmortum examination of the inoculated rabbit eight weeks after the last injection with infective larvae demonstrated that no parasites were present. This suggests that any development of the parasite past the larval stage must have been very limited in nature.
The clones which we have isolated appear to fall into two classes, based on cross hybridization analysis, suggesting that the clones in these two classes are derived from two different mRNA species. It should be possible to identify clones derived from several additional messages, since the larval antiserum is able to precipitate six distinct polypeptides from the products of in vitro translation of adult RNA.
We have characterized a representative from the more immunoreactive class of clones in detail. This clone, designated XRAL-1, contained an insert of 1076 bp. Of (27) . A more complete characterization of any such related antigen in A. suum will require antisera specific for the recombinant protein produced by XRAL-1.
The fact that two different restriction enzymes produce a single band when a digest of genomic 0. volvulus DNA is probed with the purified insert from XRAL-1 suggests that the organization of the gene which encodes XRAL-1 is not complex. In particular, the results suggest that there is only one copy of the gene encoding XRAL-1 in the genome, and that this copy does not contain any extended introns. Although this is the simplest interpretation, other possibilities, such as the presence of a tandem array of repeated genes homologous to XRAL-1 are also possible. The isolation and characterization ofgenomic clones homologous to the insert of XRAL-1 should provide a definitive answer to this question.
One striking characteristic of the polypeptide encoded by the long open reading frame of XRAL-I is the fact that it contains three repeats of the sequence KKPEDWD. These repeats reside in a highly hydrophilic region ofthe peptide, and are therefore likely to be exposed on the surface of the native antigen. As such, it is likely that this repeated region may represent one of the more highly immunogenic portions of the native antigen (28) . Several examples of such repeated sequences have been noted in other parasitic antigens, especially malaria (29, 30) , and S. mansoni (31). It appears that such repeated sequences may be a common feature of antigens isolated from many different parasitic species. In the case ofother antigens which contain such repeated sequences, the repeated region often encodes the major epitope ofthe protein (32, 33) . To discover if this is the case in XRAL-l, epitope mapping utilizing deleted versions ofthe XRAL-l insert will be required.
We have taken a first step examining the role that the native antigen encoded by the mRNA that produced XRAL-1 may play in natural infections, showing that lysates containing the recombinant antigen stimulate the proliferation ofPBMCs from a small number of infected individuals to a greater extent than does a control Xgtl 1 lysate. This is important, since it is believed that the cellular immune system may be particularity important in the development ofimmunity against helminthic infections (34) . Although the responses seen to the recombinant lysate was both reproducible and significant, the overall response was not striking. However, previous studies have demonstrated that the PBMCs of individuals infected with 0. volvulus show both specific and nonspecific supression of their response to antigens (35, 36) . The relatively low level of overall response seen to the recombinant lysate is therefore not surprising. It is possible that the nonspecific supression induced by 0. volvulus infection may have been an asset in this case, by supressing the strong response to E. coli antigens one would normally expect to see when using induced lysates as antigens in the blastogenesis assays. This may have allowed the response to the recombinant antigen to be demonstrated. In spite of this fact, it is quite likely that the response of patient cells relative to the control would be improved ifpurified preparations of the recombinant protein were used in place of crude extracts. Most importantly, these studies demonstrate that it is possible to use such recombinant antigen preparations to begin to examine the role that larval antigens play in natural infections with 0. volvulus. Such studies will necessarily involve testing both the cellular and antibody responses in a much larger and diverse patient population than has been examined here. It will also be possible to use purified preparations of recombinant antigens in animal model systems which mimic some of the pathological manifastations of human onchocerciasis (37, 38) , as well as models for protection against infection with the parasite (39) . The isolation of XRAL-1 and other clones that express antigens of 0. volvulus infective larvae will therefore make it possible to examine the role that the antigens of infective larvae may play in the possible development of immunity against onchocerciasis.
